The herpes simplex virus (HSV) genome contains both cis-and trans-acting elements which are important in viral DNA replication. The cis-acting elements consist of three origins of replication: two copies of oris and one copy of OriL. It has previously been shown that five cloned restriction fragments of HSV-1 DNA together can supply all of the trans-acting functions required for the replication of plasmids containing oris or oriL when cotransfected into Vero cells (M. D. Challberg, Proc. Natl. Acad. Sci. USA, 83:9094-9098, 1986). These observations provide the basis for a complementation assay with which to locate all of the HSV sequences which encode trans-acting functions necessary for origin-dependent DNA replication. Using this assay in combination with the data from large-scale sequence analysis of the HSV-1 genome, we have now identified seven HSV genes which are necessary for transient replication of plasmids containing either onis or ofiL. As shown previously, two of these genes encode the viral DNA polymerase and single-stranded DNA-binding protein, which are known from conventional genetic analysis to be essential for viral DNA replication in infected cells. The functions of the products of the remaining five genes are unknown. We propose that the seven genes essential for plasmid replication comprise a set of genes whose products are directly involved in viral DNA synthesis.
Herpes simplex virus (HSV) contains a large (150 kilobase
[kb]) double-stranded DNA genome which is replicated within the nucleus of the host cell (4) . Although the mechanistic details of HSV DNA synthesis are largely unknown, it is clear from the work of several laboratories that the HSV genome contains both cis-and trans-acting elements which are important in viral DNA replication. Thus, dissection of this process should be amenable to the combination of biochemistry and genetics which has proven so powerful in other systems.
The existence of cis-acting replication origins was first inferred from the structure of defective viral genomes (46, 50) . It is now thought that there are three such origins and that they consist of two distinct but related DNA sequences (46-48, 50, 52) : oriL, of which there is one copy in the viral genome, and oris, of which there are two copies. Plasmid DNAs containing either oris or oriL are replicated when they are introduced into HSV-infected cells (46-48, 50, 52) . On the basis of this result, it seems reasonable to assume that oris and oriL are sites at which viral DNA synthesis is initiated, although direct evidence to support this assumption is not yet available.
Two complementary approaches have been used to identify trans-acting viral gene products involved in the replication of viral DNA. First, cell-free extracts have been assayed for virus-induced biochemical activities which, by analogy to other, better-defined replication systems, probably have a role in DNA replication. Such biochemical activities identified in extracts of HSV-infected cells include a DNA polymerase (Pol) (23) , a single-strand-specific DNA binding protein (DBP) (3, 41) , an origin-specific DBP (17) , a thymidine kinase (25) , a ribonucleotide reductase (RR) (12) , and an exonuclease (23, 31) . Second, several virus mutants have been isolated which exhibit alterations in DNA synthesis (8, 9, 11, 16, 24, 29, 37, 44, 49) . Such mutants include members * Corresponding author. of at least 10 different complementation groups. In several cases these two approaches have converged; mutants defective in DNA replication with lesions mapping within the coding sequences for Pol (8, 11, 20) , DBP (13, 43, 51) , RR (40; S. K. Weller, personal comnmunication), and possibly the exonuclease (23, 33) have been identified.
To overcome some of the limitations of these two approaches, a third approach based on the transient replication of transfected plasmid DNAs has recently been developed. We have reported that five cloned restriction fragments of HSV DNA together can supply all of the functions required for the replication of plasmids containing oris or oriL when cotransfected into Vero cells (7) . Subcloning of one of these fragments, XbaI-F, revealed that the genes for two proteins known to be required for viral DNA replication, DBP and Pol, were similarly required for plasmid replication in the transient assay system. These observations provide the basis for a complementation assay with which to locate all of the HSV sequences which encode trans-acting functions necessary for origin-dependent DNA replication.
In this paper we report the results of such an analysis. We subcloned each of the large plasmids required for transient DNA synthesis and assayed each subclone, alone and in combinations, for the ability to substitute for the original clone. This approach, when combined with data from largescale DNA sequence analysis of the HSV-1 genome, allowed us to identify five genes in addition to dbp and pol which are essential for origin-dependent DNA replication. The sequences of these five genes are reported in the accompanying paper (30) .
MATERIALS AND METHODS
Construction and isolation of plasmids. The structure and source of all plasmids used in this work are summarized in Table 1 . The fragment of viral DNA in each of these plasmids was derived originally from the KOS strain of HSV-1. The DNA sequence analyses from which the restric- (22) . At 14 to 16 h following transfection, the cells were lysed and total cellular DNA was isolated. The purified DNA was digested with EcoRI, HindIII, and DpnI and fractionated by agarose gel electrophoresis. The DNA in the gel was transferred to a nylon membrane and probed with 32P-labeled pUC19 DNA.
RESULTS
Our standard assay for HSV origin-dependent DNA replication used the following plasmids: pKl-2, encoding the immediate-early protein IE175; pMC122 (XbaI-F), which contains dbp, pol, and oriL; pSG25, which contains two copies of oris but no essential trans-acting genes; and pMC121 (XbaI-C), pMC123 (XbaI-E), and pMC124 (XbaI-D), each of which contains at least one unidentified transacting gene. DNA replication was assayed by transfecting Vero cells with a mixture of these six plasmids. At 14 to 16 h following transfection, total cellular DNA was isolated, digested with EcoRI, HindIll, and DpnI, fractionated by agarose gel electrophoresis, transferred to a nylon membrane, and probed with 32P-labeled pUC19 DNA. Under these conditions, oriL-dependent replication gives rise to a DpnI-resistant fragment of 2.7 kb derived from XbaI-F, and oris-dependent replication gives rise to a DpnI-resistant fragment of 4.6 kb derived from pSG25 (7) .
To locate all of the unidentified genes required for plasmid DNA replication in our assay, we used the following general strategy. XbaI-C, XbaI-E, or XbaI-D was digested with one of a number of different restriction enzymes, and the resulting fragments were tested for their ability to substitute for the intact plasmid in a standard replication assay. Once we found a restriction enzyme which did not inactivate a plasmid, we cloned each of the fragments produced by that enzyme and tested the subclones, alone and in combinations, for their ability to supply the required function(s). This process was repeated until we obtained an active subclone containing a limited number of genes, as deduced by DNA sequence analysis. Finally, plasmids containing single intact genes were constructed and tested in a similar fashion. The results of these analyses are displayed in Fig. 1 to 5 and described in detail below.
XbaI-C. Preliminary experiments showed that digestion of XbaI-C with KpnI did not reduce its ability to support oriL or oris-dependent replication. Accordingly, several KpnI fragments were cloned and tested for their ability to substitute for XbaI-C. A combination of two of these subclones, pCW8 and pCW9, but neither of these two plasmids alone supported DNA replication at a level comparable to that seen with XbaI-C ( Fig. 1B and D) . Therefore, there must be at least two essential genes in XbaI-C. The essential gene(s) in pCW9 was further localized by dividing pCW9 roughly in half into plasmids pMC160 and pCW16. A combination of pMC160 and pCW8 completely complemented assay mix- tures lacking XbaI-C (Fig. 1D, lane 5) ; pCW16, which contains the gene encoding alkaline exonuclease (36) , had no effect (Fig. 1D, lanes 4 and 6) .
DNA sequence analysis showed that pCW8 and pMC160 each contained two intact genes (Fig. 1A) . Deletion (Fig. 2A) . Of these two genes, the one encoding a 51K polypeptide was the only gene required for DNA replication in our assay (Fig. 2C) (Fig. 2C, lane 3) required for origin-dependent replication in our system. As indicated above, in the absence of IE110, intermediate levels of DNA replication were observed. In the absence of IE175, the combination of genes encoding IE110 and IE63 supported low levels of DNA synthesis (Fig. 4, lane 15) , and this low level was increased by the presence of a plasmid containing the gene for the 65K virion trans-induction factor (2, 6) (Fig. 4, lane 7) . The trans-induction factor is known to increase the level of expression of immediate-early genes in transient assays (6) . We conclude that while optimal levels of DNA replication are achieved by the presence of the three immediate-early proteins IE175, IE110, and IE63, no single one of these gene products is absolutely required. The significance of these findings will be discussed below.
Seven essential genes and three immediate-early genes are sufficient for plasmid DNA replication. The plasmid complementation analyses presented above indicated that seven pMC123 (XbaI-E), pKl-2 (IE175), pSG25, pSG1 (EcoRI-JK), and the plasmid(s) indicated at the top of each lane. oris and oriL refer to the positions of EcoRI-HindIll-digested pSG25 and pMC122, respectively, which were run as markers on the same gel. 2 3 HSV-1 genes were necessary for origin-dependent DNA replication. The results presented in Fig. 5 show that these seven genes, together with three immediate-early genes, were also sufficient to support plasmid replication. A mixture of 10 plasmids, each containing one of the seven essential genes or one of the immediate-early genes, was cotransfected into Vero cells together with pKB-X, which contains oris but no intact HSV gene. This combination of plasmids supported the replication of pKB-X at a level only slightly lower than that seen with the standard assay mixture of four cloned XbaI fragments and pKl-2. We conclude that the HSV-1 genome contains no other genes that are essential for origin-dependent plasmid replication. The location and predicted size of the proteins encoded by each of the essential genes are summarized in Fig. 6 . involved in origin-dependent DNA replication. Although interpretation of the results presented in this paper depends heavily on the arrangement of viral genes deduced from DNA sequence analysis of selected regions of the HSV-1 genome presented in the accompanying paper (30) , all of our results, including deletion analyses of some of the subclones described above (M. D. Challberg, unpublished data), are consistent with the interpretation of the sequence data. In the course of this analysis, we found seven genes without which there was no detectable DNA replication and at least four genes which stimulated DNA replication. Although the distinction between these two classes of genes rests on the sensitivity of our assay and is therefore somewhat arbitrary, (8, 11, 13, 20, 24, 52) . By extension, we therefore propose that the four (or more) genes which stimulate plasmid replication encode proteins which act only indirectly in DNA synthesis and that the seven genes which are required for origindependent plasmid replication encode proteins which are directly involved in DNA replication.
The relationship between origin-dependent plasmid DNA replication and viral DNA replication per se is not known. As mentioned, the genes encoding DBP and Pol are clearly required both for transient plasmid replication and for viral DNA replication. Moreover, mutations affecting DNA replication have been mapped to locations corresponding closely to the locations of four of the other five essential genes that we have identified (Fig. 6 ). On the other hand, there are other virus mutants with lesions affecting DNA replication which map within genes that are not required for transient plasmid DNA replication. These include mutants with lesions in IE175 (16, 37) , IE110 (44, 49) , RR (40) , and the alkaline exonuclease (33) . It is therefore possible that origin-dependent plasmid replication and viral DNA replica- (26, 36a) . This, together with the fact that the nucleotide sequences of oris and oriL have extensive homology (43, 53) 
